Integrated supercapacitors with extended operation voltage are important for high energy density storage devices. In this work, we develop a novel direct electrode deposition on separator (DEDS) process to fabricate graphene based integrated tandem supercapacitors for the first time. The DEDS process generates compact graphene-polyaniline electrodes directly on the separators to form integrated supercapacitors. The integrated graphene-polyaniline tandem supercapacitors demonstrate ultrahigh volumetric energy density of 52.5 W h L À 1 at power density of 6037 W L À 1 and excellent gravimetric energy density of 26.1 W h kg À 1 at power density of 3002 W kg À 1 with outstanding electrochemical stability for over 10,000 cycles. This study show great promises for the future development of integrated energy storage devices.
Introduction
The fast depletion of fossil fuel supplies and the ever-growing demand for energy in our society has made it essential that alternate renewable energy sources are developed [1] [2] [3] [4] . By nature, many of the renewable energy sources are intermittent and it is therefore imperative that efficient energy storage technologies are developed. Rechargeable batteries have proven to be indispensable energy storage devices due to their high energy density. However, rechargeable batteries suffer from relatively low power density. On the other hand, supercapacitors are playing an increasingly important role in multiple energy storage applications due to their outstanding electrochemical performance, such as high power density, long shelf life and safe operation [5] [6] [7] [8] [9] . Supercapacitors can be used independently or coupled with batteries where their high power density can complement battery functions. Conventional porous carbon based supercapacitors (such as activated carbon in most commercial supercapacitors) store energy through ion adsorption on the surface of carbons by the formation of electrochemical double layers [10] [11] [12] [13] [14] . The capacitance of carbon supercapacitors is largely restrained by the limited ion adsorption capability of carbon, resulting in relatively low gravimetric energy density of 5 to 10 W h kg À 1 (or volumetric energy density of 5 to 8 W h L À 1 ) [15, 16] . It has been recently recommended that the packing volumetric energy density (with unit of W h L À 1 ) involving the entire supercapacitor components should be used as a practical parameter than the gravimetric one (with unit of W h kg À 1 ) to realistically evaluate supercapacitor devices [17, 18] . The volumetric energy density is a key performance metric in applications where the volume of the supercapacitor devices must be minimized, such as in consumer electronics and electrical vehicles [19] . Therefore judicious fabrication strategies of supercapacitors must be adopted to minimize cell volume and increase packing density. Aqueous supercapacitors have many intrinsic advantages over organic supercapacitors such as higher ionic conductivity, faster charge process, ease of fabrication and environmental benignity. However, their output voltages are mainly limited by the decomposition of the aqueous electrolytes [20] . Devices with multiple supercapacitors connected externally in series can achieve higher voltages, but this would lead to unavoidable energy losses, system resistances and packing volume increase [21] . It has so far been a great challenge to fabricate integrated supercapacitors with high output voltage and great volumetric energy density, although tremendous progress have been achieved recently on improving supercapacitor volumetric energy density. For example, Yan et al. prepared template-assisted graphene at low temperature and obtained high volumetric energy density of 27.2 W h L À 1 in aqueous electrolyte [22] . Han et al. introduced a scalable method to synthesis holey graphene as dense supercapacitor electrodes with volumetric energy density of 12 W h L À 1 [23] . Yang et al. recently reported graphene supercapacitors with ultrahigh volumetric energy density of 60 W h L À 1 in ionic liquid electrolyte by creating a dense graphene film (with mass density of 1.25 g cm À 3 ) [24] . Microsupercapacitors fabricated by lithography present an excellent approach toward integrated devices with improved electrochemical performance [25] [26] [27] [28] [29] . However, lithography may be too costly an approach for large-scale fabrication of supercapacitors. It is therefore very important to develop a cost-effective process for the facile fabrication of tandem supercapacitors with high volumetric energy density.
In this work, we demonstrate a facile scalable process to fabricate graphene based integrated tandem supercapacitors with very high volumetric energy densities. The integrated supercapacitors were fabricated using a direct electrode deposition on separator process (henceforth referred to as DEDS process). It is worth noting that the vacuum filtration based electrode deposition approach has applied to prepare integrated electrodes for energy storage devices recently. For example, Weng et al. reported a graphene-cellulose paper supercapacitor by fabrication of graphene-cellulose papers as electrodes using vacuum filtration of the graphene solution [30] . Kang et al. prepared carbon nanotube coated nanocellulose papers as integrated electrodes by the vacuum filtration for all-solid-state flexible supercapacitors [31] . In the area of rechargeable batteries, it was recently reported by Zhou et al. that the capacity and cycle life of lithium-sulfur battery can be largely improved by designing an integrated structure of sulfur and graphene deposit on one side of separator, where the deposited graphene membrane plays as a conductive internal current collector [32, 33] . These electrode deposition methods provided good directions to fabricate integrated electrodes, however, the integrity of supercapacitors in a device level has not been explored. Different from the reported studies, in our fabrication process of integrated supercapacitors, compact graphene films were used to coat on both sides of a commercial separator follow the steps of vacuum filtration, ion exchange and capillary compression to form a single integrated supercapacitor cell. These single supercapacitor cells were then internally connected in series to make tandem supercapacitors (see the Experimental section for details). As shown in Figure 1a , the commercial separator has a porous structure, which functions as an excellent filtration membrane that serves two purposes: (1) it acts as a substrate on which graphene-based electrodes are deposited, and (2) it simultaneously employs as the separator in the resulting device. Thus, both the supercapacitor electrodes and the supercapacitor cell are created in a single step ( Figure 1a ). The "all-in-one" device possesses a unique structure that has not been reported before, in which two layers of the condensed graphene based films bind firmly to the porous separator, making the whole device highly compact ( Figure 1a ). Further, internal connection of multiple single graphene-on-separator cells gives rise to the fabrication of integrated tandem supercapacitors, as shown in Figure 1b . The assembled tandem supercapacitor consists of multiple cells that are laminated in series, forming a highly integrated device toward miniaturization of the supercapacitor by largely reduced device volume ( Figure 1c ). A digital photograph of the real tandem supercapacitor is shown in Figure S1 .
Experimental section

Preparation of graphene and polyaniline
The well dispersed graphene solution was prepared by hydrothermal reduction of graphene oxide (produced by a modified Hummer's method) in basic media according to our previous work [34] . Polyaniline nanofibers were prepared by an oxidative template method as described elsewhere [35] .
Fabrication of integrated supercapacitors on commercial separators
The integrated graphene supercapacitors were fabricated by vacuum filtration of the graphene suspension on both sides of a commercial separator (Celgard 3501). The separator served as a filtration membrane as well as the final separator as a part of the integrated supercapacitor. The filter was immediately disconnected upon the exhaustion of the residue dispersion on one side of the separator. The other side of the separator was also coated with a graphene film by the same filtration method. After carefully peeled off from the filter support, the integrated graphene-on-separator was transferred to 1 M H 2 SO 4 electrolyte for the exchange of the interior water with electrolyte [24] . Subsequently, the integrated graphene-on-separator was placed between two Au foils and compressed by a pressure of $100 MPa with the help of clip binders to make dense graphene electrodes on the integrated supercapacitor. For the assembly of tandem cells, a layer of polyethylene (PE) foil attached on the edge of Au foil was placed tween two adjacent graphene-onseparator cells for the internal connection of the cells in series while preventing the fluid of electrolyte across the adjacent graphene-on-separator cells to avoid the shortage of the device [36] . In the case of integrated graphene-PAni supercapacitors, PAni nanofibers were firstly dispersed in the as-prepared graphene solution by sonication for 0.5 h. The ratio of graphene to PAni in their composites can be controlled by the feeding amount of PAni and graphene in the suspension. Then the graphene-PAni suspension was vacuum filtered on both sides of separator by the similar method as the preparation of the integrated graphene-on-separator to produce graphene-PAni-onseparator for the tandem supercapacitors.
Electrochemical measurements
The electrochemical tests of the integrated supercapacitors were conducted at room temperature in a VMP3 electrochemical workstation (Bio-Logic) by the techniques of electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV) and galvanostatic charge-discharge (CD). 1 M H 2 SO 4 was used as the electrolyte for all supercapacitor devices. The calculation of all parameters of the supercapacitors are displayed as following by taking 3-cell tandem supercapacitor as an example. The absolute capacitance (C in F) of the supercapacitor is obtained from the galvanostatic charge-discharge curves according to the following equations [46] :
where I is the constant current for charge-discharge and ðΔV=ΔtÞ is slope of the discharge curve. Since the tandem supercapacitor is composed of three single cells connected in series, the absolute capacitance of each cell is 3 C. Thus, its cell capacitance (gravimetric, F g À 1 ; or volumetric, F cm À 3 ) based on the two electrodes is:
where x can be either the mass loading of a single electrode (materials loading on a single side of the separator) or the volume of a single electrode. Specific capacitance is the gravimetric capacitance with respect to a single electrode. Therefore, the total capacitance of the tandem supercapacitor is: Power density:
where t is discharge time from CD curves.
Materials characterization
The morphology and microstructure were investigated by SEM (Nova Nano 630, FEI) and TEM (Titan 80-300 kV (ST) TEM, FEI). The Raman spectroscopy was conducted on a Hariba LabRAM HR spectrometer. X-ray diffraction was carried out by Bruker D8 Advance bulk power XRD.
Results and discussion
The graphene nanosheets used as building blocks to fabricate the integrated supercapacitors exhibit typical twodimensional ultrathin characteristics (Figure 2a ) [37, 38] . The well-dispersed graphene suspension obtained by reduction of graphene oxide in alkaline media is very stable (pH of $10, inset picture in Figure 2a ), as has been observed in other studies [34, 39] . The PAni nanofibers used in this study show porous surface with a caterpillar-like feature that may facilitate the access of the electrolyte to the electrodes (Figure 2b) [35, 40] . The PAni nanofibers have an average diameter of about 150 nm. The freshly prepared PAni suspension was stable (inset picture in Figure 2b ). However, due to its high concentration and the acidic environment (pH of $ 4), the PAni nanofibers in the suspension tend to aggregate and some precipitates were observed after sitting for 24 h ( Figure S2a ). Nevertheless, the mixture of graphene and PAni with the help of sonication results in stable graphene-PAni suspension (inset picture in Figure 2c ), even after sitting for a long time ( Figure S2a ). This agrees well with the stable graphene-PAni suspension reported by Xu et al. [41] . The PAni nanofibers are sandwiched between the graphene nanosheets and thus function as efficient spacers to avoid restacking of the graphene sheets (Figure 2c ). As a result, we are able to make very stable graphene-PAni suspension in a large amount by this scalable method ( Figure S2b ). The PAni nanofiber was chosen as electrode material for the tandem graphene-PAni supercapacitors due to several attractive characteristics of PAni, such as good chemical and mechanical characteristics, high theoretical capacity, good electrical conductivity, and high flexibility.
In addition, the graphene-PAni suspensions used in our study were highly stable and allowed for easy preparation of graphene-PAni composite films on-separator cells. Furthermore, the PAni nanofibers proved to be effective spacers for preventing the restacking of graphene nanosheets, leading to porous but compact graphene-PAni films, as will be discussed later.
The separators used for the fabrication of compact tandem supercapacitors are commercial polypropylene membranes with thickness of 25 mm and porosity of 55% (inset picture in Figure 2d ). Looking into the surface of the separator, one can see that it exhibits irregular arrays of pores with narrow lateral pore sizes ranging between 50 nm and 100 nm (Figs. 2d and S2c), much smaller than the size of the graphene nanosheets (roughly between 500 nm and a few micrometers). These characteristics make the separator ideal for small ion penetration and excellent substrate for the deposition of graphene and graphene-PAni electrodes on it by vacuum filtration. The resulting graphene-PAni-onseparator cell (inset picture in Figs. 2e and S2d) shows two identical graphene-PAni electrodes attached closely on both sides of the separator. The integrated cell is highly flexible and portable owing to the inherent advantages of the separator. As shown in the cross sectional image of the graphene-PAni-on-separator cell (Figure 2e) , the graphene-PAni compact nanocomposite layer was strongly bound to the surface of the separator. This result is due to the fact that ultra-filtration of the suspension and the ion exchange process generate condensed graphene-PAni film that bonds firmly with the separator. Furthermore, physical compression of the stacks improves the physical integrity and compactness of the device. As a result, the mass density of our graphene-PAni film is as high as 2 g cm À 3 , higher than that of the compact graphene film (up to 1.49 g cm À 3 ) and the graphene-PAni film (1.53 g cm À 3 ) reported in the good studies by other groups [24, 41] .
The graphene-PAni was further characterized by X-ray diffraction (XRD) and Raman spectroscopy. The XRD of graphene shows a sharp peak of (0 0 2) around 261 and the PAni exhibits three broad characteristic peaks centered around 161, 20.51 and 25.51 ( Figure S3 ) [42] . The composite of graphene-PAni as a whole shows the combined features of graphene and PAni, indicating the homogeneous mixture of the composites [43] . Moreover, the Raman spectra of graphene-PAni show the characteristic peaks from both graphene (D and G bands) and PAni (centered around 1168 cm À 1 , 1333 cm À 1 and 1458 cm À 1 ), which agrees well with the reported graphene-PAni composites [44] .
The electrochemical performance of integrated graphene tandem supercapacitors is demonstrated in Figs. 3 and S4 . The single graphene-on-separator cell (henceforth referred to as 1-cell graphene supercapacitor) shows excellent electrochemical performance with nearly ideal doublelayer capacitor behaviors: rectangular cyclic voltammetry curves at different scan rates ( Figure S4a , from 50 to 500 mV s À 1 ) and symmetric charge and discharge profiles over various current densities ( Figure S4b , from 10 to 100 A g À 1 ). However, the working voltage of the 1-cell graphene supercapacitor is only 1 V. It is worth noting that the energy density of a supercapacitor is proportional to the square of output voltage (E = 0.5 CV 2 ). Thus, it is very crucial to extend the working voltage while keeping good cyclability. We therefore developed an approach by internal connection of the integrated graphene-on-separator cells to make graphene tandem supercapacitors with higher output voltages for higher energy density. The 2-cell graphene supercapacitor, made by internal connection of two graphene-on-separator cells in series, shows working voltage of 2 V and good electrochemical energy storage performance ( Fig. S4c and d) . The voltage of the aqueous integrated graphene tandem supercapacitors was further extended to 3 V as shown in the 3-cell graphene supercapacitor ( Fig. S4e and f) . As summarized in Figure 3a and b, compared to the 1-cell graphene supercapacitor, the 2 and 3-cell tandem supercapacitors show similar good electrochemical performance at the same scan rate of 100 mV s À 1 and current density of 20 A g À 1 , and the voltage windows were steadily enhanced to higher levels. The impedance of the graphene tandem supercapacitors behaviors as good as the single cell one, but their charge transfer resistances were increased due to the longer charge transfer distance caused by the internal cell connection. The electrochemical cyclability of the graphene tandem supercapacitor ( Figure 3d ) shows outstanding stability (97.2% capacity retention after 10,000 cycles) as good as the single cell one (99.3% capacity retention after 10,000 cycles), indicating the successful fabrication of the integrated tandem supercapacitors for high energy density devices. It is noting that although there is a capacitance fluctuation in the 1-cell graphene device, the fluctuation is within only 4%, which is not a large fluctuation and has negligible influence on the long-term stability of the device (Figure 3d ). The slight capacitance fluctuation of the 1cell graphene device is probably due to the gradual infiltration of the electrolyte into the compact graphene film until it being fully wetted.
The graphene-PAni tandem supercapacitors were fabricated by the same strategy as that of the graphene tandem supercapacitors. A series ratios of graphene to PAni were explored to find out the optimized composition of graphene-PAni composites as electrode. As shown in Figure S5 , as the ratio of PAni to graphene increases in the composite, the specific capacitance of the graphene-PAni supercapacitor increases. However, when the amount of PAni reached a critical percentage of about 82.3%, the graphene-PAni suspension became unstable and the resulting films were hard to form by vacuum filtration. In order to maximize the capacity while maintaining good mechanical property, the ratio of the graphene-PAni composite was determined to be 82.3% of PAni and we therefore focused on studying this composition to fabricate the tandem supercapacitors. Figs. 4 and S6 show the electrochemical performance of the graphene-PAni tandem supercapacitors. These devices exhibit excellent electrochemical properties even at high scan rate of 500 mV s À 1 and high current density of 100 A g À 1 , revealing their good capability for fast charging and discharging ( Figure S6 ). Different from the graphene tandem supercapacitors, the graphene-PAni cells showed two pairs of redox peaks during the charge and discharge processes, corresponding to the Faradaic transformation of the emeraldine-pernigraniline form of polyaniline and indicating the impact of PAni in the composite of graphene-PAni ( Figure S6) [44] . The redox peak positions shifted to higher potentials when the voltage of the integrated graphene-PAni tandem supercapacitors doubled or tripled; however, the overall behaviors of the cyclic voltammetry curves were similar to the single graphene-PAni-on-separator cell (Figure 4a ). Similar to the graphene-only tandem supercapacitors, the graphene-PAni tandem supercapacitors exhibit almost equal charge and discharge times at the same current density of 20 A g À 1 as of the single graphene-PAnion-separator cell, indicating that the loss of capacitance is negligible when the single cell was scaled up for the tandem supercapacitors (Figure 4b ). The contribution of PAni in the graphene-PAni supercapacitors became distinct when comparing the graphene-PAni supercapacitors with the graphene ones. Taking the 3-cell tandem supercapacitor as an example, the integrated area of the cyclic voltammetry curve ( Figure S7a ) and the duration of the charge-discharge curve ( Figure S7b ) of the graphene-PAni supercapacitor remained much larger than that of the graphene supercapacitor. As a result, the 3-cell graphene-PAni supercapacitor shows much higher specific capacitance (between 391 and 335 F g À 1 ) than the graphene supercapacitor (between 192 and 161 F g À 1 ) under different current densities (from 5 to 100 A g À 1 ) as shown in Figure 4c . Meanwhile, the rate capability of the integrated 3-cell graphene-PAni tandem supercapacitor (85.6%) is better than that of the graphene one (83.8%), confirming the excellent electrochemical performance of the graphene-PAni tandem supercapacitors. In terms of the volumetric capacitance (based on the volume of active materials), the graphene-PAni supercapacitors show superior values than that of the graphene cells ( Figs. 4c and S8) . At low current density of 5 A g À 1 , the 1-cell graphene-PAni supercapacitor exhibits very high volumetric capacitance of 199 F cm À 3 with film density of 2 g cm À 3 (Figure 4d ), much higher than the 1-cell graphene supercapacitor with volumetric capacitance of 32.5 F cm À 3 and film density of 0.53 g cm À 3 ( Figure S8 ). For the 3-cell tandem supercapacitors, the graphene-PAni supercapacitor shows also higher volumetric capacitance of 65.6 F cm À 3 than the graphene supercapacitor (8.6 F cm À 3 ). The high gravimetric and volumetric capacitances of our integrated graphene-PAni supercapacitors are among some of the best values reported so far from different materials [24, [45] [46] [47] [48] [49] . Since the actual device volume is a more practical parameter to evaluate the energy storage devices, we defined a so-called device volumetric capacitance by considering the volume of all components in the supercapacitors. Figure 4d shows that the device volumetric capacitance are 21.5 F cm À 3 for 1-cell and 7.1 F cm À 3 for 3-cell graphene-PAni supercapacitors, respectively; while such values are only 2.4 F cm À 3 for 1-cell and 0.6 F cm À 3 for 3-cell graphene supercapacitors, respectively ( Figure S8 ).
Energy and power densities (both gravimetric and volumetric) are important parameters in the supercapacitor energy storage applications. As shown in Figure 4e , our integrated 3-cell graphene-PAni tandem supercapacitors show very high gravimetric energy density of 26.1 W h kg À 1 at power density of 3002 W kg À 1 , superior to that of 1-cell graphene-PAni supercapacitor with energy density of 8.8 W h kg À 1 at power density of 1002 W kg À 1 , or that of 3-cell graphene tandem supercapacitors with energy density of 20 W h kg À 1 at power density of 4448 W kg À 1 . Correspondingly, the integrated 3-cell graphene-PAni tandem supercapacitors exhibit superb volumetric energy density of 52.5 W h L À 1 at power density of 6037 W L À 1 , much higher than that of the 1-cell graphene-PAni supercapacitor with energy density of 17.7 W h L À 1 at power density of 2015 W L À 1 , and the 3-cell graphene tandem supercapacitors with energy density of 10.7 W h L À 1 at power density of (Figure 4f ). These volumetric energy and power densities are comparable to the best performance reported so far [24] . Meanwhile, the device volumetric energy and power densities of our integrated 3-cell graphene-PAni tandem supercapacitors are still 5.7 W h L À 1 and 651 W L À 1 , respectively ( Figure S9) , still much better than that of the 1-cell graphene-PAni supercapacitor (with device volumetric energy density of 1.9 W h L À 1 at power density of 217 W L À 1 ), and the 3-cell graphene tandem supercapacitors (with device volumetric energy density of 0.8 W h L À 1 at power density of 176 W L À 1 ). The integrated 3-cell graphene-PAni tandem supercapacitors showed good cycling stability, retaining 92.5% of the initial capacity after 10,000 cycles ( Figure S10 ). It is noting that the device energy and power densities of the integrated tandem supercapacitor can be further increased by utilization of thinner separator or thicker active material films. To show the real energy storage application, our graphene-PAni tandem supercapacitor is capable of lighting a white LED when it is quickly charged within a few seconds, as shown in Figure S11 .
Conclusions
In conclusion, high-performance graphene based tandem supercapacitors fabricated directly on separators were demonstrated for the first time. A facile and effective approach was developed to integrate porous graphene-PAni films (with mass density of 2 g cm À 3 ) on the separator by a DEDS process involving vacuum filtration, ion exchange and capillary compression. The integrated graphene-PAni tandem supercapacitors showed very high specific capacitance of 391 F g À 1 and volumetric capacitance of 199 F cm À 3 . Meanwhile, they delivered ultrahigh volumetric energy density of 52.5 W h L À 1 at power density of 6037 W L À 1 and excellent gravimetric energy density of 26.1 W h kg À 1 at power density of 3002 W kg À 1 . Our study provides a general strategy towards future integrated energy storage devices. 
